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TranscriptomePlanarians exhibit an extraordinary ability to regenerate lost body parts which is attributed to an abundance
of pluripotent somatic stem cells called neoblasts. In this article, we report a transcriptome sequence of a
Planaria subspecies Dugesia japonica derived by high-throughput sequencing. In addition, we researched
transcriptome changes during different periods of regeneration by using a tag-based digital gene expression
(DGE) system. Consequently, 11,913,548 transcriptome sequencing reads were obtained. Finally, these reads
were eventually assembled into 37,218 unique unigenes. These assembled unigenes were annotated with
various methods. Transcriptome changes during planarian regeneration were investigated by using a tag-
based DGE system. We obtained a sequencing depth of more than 3.5 million tags per sample and identiﬁed a
large number of differentially expressed genes at various stages of regeneration. The results provide a fairly
comprehensive molecular biology background to the research on planarian development, particularly with
regard to its regeneration progress.eering, Zhengzhou University,
235.
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Regeneration has been a rather enigmatic topic in modern
developmental biology. Partially, this is because the most spectacular
regeneration occurs in organisms such as hydra or planarians that are
not standard laboratory model organisms as yet. Therefore, the
investigation of regeneration by using modern molecular genetics
techniques has been limited [1–3], and regeneration is believed to
utilize the same molecular mechanisms involved in embryonic
development.
Planarians are best known for their ability to regenerate complete
animals from tiny fragments of their bodies. In an experiment, T. H.
Morgan discovered that a segment corresponding to 1⁄279th of a
planarian could successfully regenerate into a newworm [4]. This size
(~10,000 cells) is typically accepted as the smallest fragment that can
regroup into a new planarian. The type of regeneration undertaken by
planarian is called epimorphic regeneration. The strong regenerative
ability of planarians is empowered by a system of pluripotent stem
cells, called neoblasts [4]. Following injury, neoblasts migrate to the
wound region, divide, and their progeny eventually differentiate to
replace missing structures. Neoblasts also function in homeostasis byserving to replace cells lost during the normal cellular turnover.
Neoblasts of planarian organisms are equivalent to stem cells; this
makes these remarkable creatures an excellent model system for the
study of stem cell biology.
In recent times, research studies on the planarian organisms have
received extensive attention. Several of the regeneration-related
genes of planarian organisms have been identiﬁed. In particular,
Fernandéz-Taboada et al. reported on the characterization of the ﬁrst
planarian protein of the LSm protein superfamily, Smed-SmB, which is
expressed in stem cells and neurons in the planarian organism
Schmidtea mediterranea [5]. In addition, Wnt and other signaling
pathways, depicting conservative signaling ﬂows, were identiﬁed and
studied in planarian organisms [6,7]. This elucidated on the
mechanism of planarian regeneration. In general, researchers cloned
certain planarian nucleotide sequences by sequencing and compar-
ison with known sequences, annotated hypothetical functions, and
then utilized available tools (e.g., RNAi and genetic screens, micro-
arrays, in situ hybridizations) to verify their functions. This method is
very traditional, but there are difﬁculties associated with the
identiﬁcation of a large number of genes in a single test, particularly
with regard to speciﬁc genes. In addition, in research on planaria,
most laboratories conduct research on the Schmidtea mediterranea, a
type of planarian. However, studies involving other planarians have
rarely been reported. The main reason for this could be that the
background of other planarian organisms in molecular biology is not
very clear.
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also comprises the most extensive planarian species in China. It
belongs to a planarian family Dugesiidae, the same family as
Schmidtea mediterranea. Both organisms exhibit strong regeneration
abilities. To better understand this organism, we employed the
planarian Dugesia japonica as a model and utilized next-generation
sequencing technology to isolate a large number of planarian genes
and differential expression of genes during stages of regeneration.
In previous decades, next-generation sequencing technology has
emerged as a cutting-edge approach for high-throughput sequence
determination, and this has dramatically improved the efﬁciency and
speed of gene discovery [8,9]. These new technologies also have the
potential to overcome some of the aforementioned limitations.
Illumina sequencing of transcriptomes for organisms with completed
genomes conﬁrmed that the relatively short reads thus produced can
be effectively assembled and employed for gene discovery and
comparison of gene expression proﬁles. Transcriptome-seq technol-
ogy has been applied to human, yeast, mouse and Arabidopsis models,
thus opening up the entire transcriptional landscape of gene activity
and AS in a high-throughput and quantitative manner [10–18].
Further, high-quality DNA sequence with Illumina technology
demonstrated the suitability of short-read sequencing for de novo
assembly and annotation of genes expressed in a eukaryote without
prior genomic information [19].
In this study, we generated more than 2 billion bases of high-
quality DNA sequence with the Illumina technology. In a single run,
37,128 unigenes were identiﬁed and assembled by 295,218 distinct
contiguous sequences. Further, we compared the gene expression
proﬁles of planarians during different periods of regeneration by using
a digital gene expression system. The assembled, annotated tran-
scriptome sequences and gene expression proﬁles provide an
invaluable resource for the identiﬁcation of the planarian genes
involved in regeneration.
2. Materials and methods
2.1. Animals
Planarian organisms utilized in this experiment were asexual
specimens of D. japonica. The organisms were maintained at 19 °C,
cultured in deionized water and fed twice each week with earth-
worms. Study organisms were starved for one week prior to
experimentation.
2.2. RNA isolation and library preparation for transcriptome analysis
Total RNA were isolated by the SV total RNA isolation system
(Promega) in accordance with the manufacturer's protocol. RNA
integrity was conﬁrmed by the 2100 Bioanalyzer (Agilent Technolo-
gies). Beads with Oligo(dT) are utlized to isolate poly(A) mRNA
following the collection of total RNA from the organism. A fragmenta-
tion buffer was added to break the mRNA into short fragments. With
these short fragments as templates, a random hexamer-primer was
used to synthesize the ﬁrst-strand of cDNA. The second-strand of cDNA
was synthesized by the buffers dNTPs, RNaseH and DNA polymerase I,
respectively. Short fragments are puriﬁed with the QiaQuick PCR
extraction kit and resolved with an EB buffer for end reparation and by
addition of poly(A). Thereafter, short fragments are connected with
sequencing adapters. Following agarose gel electrophoresis, suitable
fragments were selected as templates for PCR ampliﬁcation. Finally, the
library was sequenced by the Illumina HiSeq™ 2000.
2.3. Analysis of Illumina sequencing results
Transcriptome de novo assembly was carried out with a short
reads assembling program—the SOAPdenovo [19]. The SOAPdenovoﬁrst combines reads with a certain degree of overlap to form longer
fragments without N, and these are called contigs. The reads are then
mapped back to contigs; with paired-end reads, it is possible to detect
contigs from the same transcript as well as the distances between
these contigs. Next, the SOAPdenovo connects the contigs by using N
to represent unknown sequences between each two contigs, and then
forms Scaffolds. Paired-end reads are used again for gap ﬁlling of
scaffolds to obtain sequences with least number of Ns and these
cannot be extended on either end. Such sequences are deﬁned as
Unigenes. When multiple samples from the same species are
sequenced, Unigenes from each sample's assembly can be taken up
for further processing of sequence splicing, and redundancy can be
removed with sequence-clustering software to acquire non-redun-
dant Unigenes. In a ﬁnal step, blastx alignment (E-valueb0.00001)
between Unigenes and protein databases such as nr, Swiss-Prot, KEGG
and COG was performed; optimal alignment results were utilized to
decide the sequence direction of Unigenes. If the results of different
databases conﬂict with each other, a priority order of nr, Swiss-Prot,
KEGG and COG should be followed when deciding the sequence
direction of Unigenes. When a Unigene is not aligned to any of the
aforementioned databases, a software program ESTScan is introduced
to predict the coding regions and to decide its sequence direction. For
Unigenes with sequence directions, we provide their sequences from
the 5′ to 3′ end; for Unigenes without any direction, sequences are
provided from assembly software. Unigene sequences are ﬁrst aligned
by blastx to protein databases such as nr, Swiss-Prot, KEGG and COG,
and retrieve proteins with the highest sequence similarity to the
selected Unigenes as well as their protein functional annotations.
2.4. Digital gene expression library preparation and sequencing
Tag library preparation for the three D. japonica samples (Day 0 of
regeneration, Day 1 of regeneration, and Day 3 of regeneration) was
performed in parallel by using the Illumina gene expression sample
preparation kit. An extract of 6 μg of total RNA was obtained and
treated with Oligo(dT) magnetic bead adsorption to purify mRNA;
Oligo(dT) was then used as a primer to synthesize the ﬁrst- and
second-strand cDNA. The 5′-ends of tags can be generated by two
types of Endonuclease: NlaIII or DpnII. Often, the bead-bound cDNA is
subsequently digested with restriction enzyme NlaIII, which recog-
nizes and severs the CATG sites. Fragments other than the 3′-cDNA
fragments connected to Oligo(dT) beads are washed away, and the
Illumina adaptor 1 is ligated to the sticky 5′-end of the digested bead-
bound cDNA fragments. The junction of the Illumina adaptor 1 and the
CATG site constitutes the recognition site of MmeI, which is a type of
Endonuclease with separate recognition and digestion sites; it breaks
17 bp downstream of the CATG site, producing tags with adaptor 1.
After removal of 3′ fragments with magnetic beads precipitation, the
Illumina adaptor 2 is ligated to the 3′-ends of tags, acquiring tags with
different adaptors of both ends to form a tag library. Following 15
cycles of linear PCR ampliﬁcation, 95 bp fragments are puriﬁed by 6%
TBE PAGE Gel electrophoresis. After denaturation, single-chain
molecules are ﬁxed onto the Illumina Sequencing Chip (ﬂowcell).
Each molecule grows into a single-molecule cluster sequencing
template through Situ ampliﬁcation. Then, four types of nucleotides
labeled by four colors were added and sequencing was performed by
the sequencing by synthesis (SBS) method. Each tunnel generated
millions of raw reads with sequencing length of 35 bp.
2.5. Analysis and mapping of digital gene expression (DGE) tags
Sequencing-received raw image data were transformed by base
calling into sequence data. Prior to mapping reads to the reference
database, all sequences were ﬁltered to remove adaptor sequence, low-
quality sequences (tags with unknown sequences ‘N’), empty tags
(sequencewithonlyadaptor sequencesbutno tags), lowcomplexity, and
Table 1
Summary for the planarian transcriptome.
Total number of reads 11,913,548
Total base pairs (nt) 1,072,219,320
Average read length (nt) 90
Total number of contigs 295,218
Mean length of contigs(nt) 136
Total number of scaffolds 61,427
Mean length of scaffolds(nt) 340
Total number of unigenes 37,218
Mean length of unigenes(nt) 468
Fig. 1. Histogram presentation of sequence–length distribution for signiﬁcant matches
that were found. The x-axis indicates sequence sizes from 200 nt to N3000 nt. The y-
axis indicates the number of uingenes for every given size. The results of sequence–
length matches (with a cut-off E-value of 1.0E−5) in the NCBI nr databases are greater
among the longer assembled sequences.
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library comprising all possible CATG+17 base-length sequences of the
reference gene sequences (if there are no reference gene sequences for
the species, sequences from closely related species can be used for
reference) was utilized. All clean tags were mapped to the reference
sequences and a mismatch of only 1 bp was considered. Clean tags that
were mapped to reference sequences frommultiple genes were ﬁltered.
The remaining clean tags were designed as unambiguous clean tags. The
numberof unambiguous clean tags for eachgenewas calculatedand then
normalized to TPM (number of transcripts per million clean tags).
Referring to “The signiﬁcance of digital gene expression proﬁles”, we
used a rigorous algorithm to identify differentially expressed genes
between two samples. The P-value corresponds to the differential gene
expression test. FDR (False Discovery Rate) is a method applied to
determine the threshold of P-value in multiple test and analysis through
manipulation of the FDR value. Let us assume that we have picked out R
differentially expressed genes in which S genes are really show
differential expression and the other V genes are false positive. If the
error ratio “Q=V/R” is to remain below a speciﬁed cutoff (e.g. 1%), the
FDR should be preset to a number less than or equal to 0.01. (Refer
Benjamini and Yekutieli for details.) We used “FDR≤0.001 and the
absolute value of log2Ratio≥1” as the threshold to judge the signiﬁcance
of gene expression difference. More stringent criteria with smaller FDR
andbigger fold-change values canbe used to identifyDEGs. For pathway-
enrichment analysis, we mapped all differentially expressed genes to
terms in KEGG database and searched for signiﬁcantly enriched KEGG
terms in comparison with the genome background.
3. Results and discuss
3.1. High-throughput transcripotome sequencing and reads assembly
To obtain an overview of the planarian gene expression proﬁle at
different regenerative stages, a cDNA samplewas prepared fromDay 1
to Day 10 for regenerating planarian and normal planarian organisms,
and then sequenced by using the Illumina sequencing platform. We
obtained 11,913,548 short reads by sequencing. These reads were
assembled with the SOAPdenovo program [19]. The longest assem-
bled sequences without Ns are called contigs, and the results indicate
295,218 contigs. By mapping reads back to contigs and combining
paired-end information, contigs are linked into scaffolds, and 61,427
scaffolds were assembled. The scaffold length was estimated accord-
ing to average segment length of each pair of reads. Unknown bases
are ﬁlled with Ns. After ﬁlling gaps in scaffolds by using paired-end
reads, we obtained sequences called unigenes. Unigene sequences
were aligned with blastdb by using blastx (E-valueb0.00001).
Sequence orientations are determined according to the best hit in
the database. If results from different databases were found to conﬂict
with each other, we choose one result based on this priority: blastdb.
Orientation and Protein Coding Region Prediction (CDS) of sequences
have no hit in blast are predicted using ESTScan. Original transcript
sequences (5′–N3′) are provided after determination of their
orientations. Others sequences are provided as assembler outputs.
Finally, we obtained 37,218 unigenes (Supplemental Table 1), the
mean unigene size was 468 nt (Table 1). Fig. 1 indicates that the
distribution of sequences with matches in nr databases is greater
among the longer assembled sequences.
3.2. Functional annotation
Unigene annotations provide functional annotations of planarian-
unigene and expression levels. Functional annotations of Unigene
including protein sequence similarity, KEGG Pathway, COG and Gene
Ontology (GO) were performed. We matched unigene sequences
against protein databases (Nr and SwissProt) using blastx (E-
valueb0.00001). Protein functional information could be predictedfrom annotation of the most similar protein in these databases. By
using this approach, 19,431 unigenes and 16,186 unigenes return an
above cut-off BLAST result (Table 2).
To identify the biological pathways in planarian organisms, we
mapped the annotated sequences to the reference canonical pathways
in the Kyoto Encyclopedia of Genes and Genomes (KEGG) [20]. The
KEGG PATHWAY database records networks of molecular interactions
in these cells, as well as their variants speciﬁc to particular organisms.
Pathway-based analysis helps to further understand biological
functions of genes. Pathway information of planarian-unigene can
be obtained from KEGG pathway annotations. Consequently, we
assigned 12,669 sequences to 203 KEGG pathways (Table 2). The
pathways with most representation by the unique sequences were
‘metabolism pathways’ (1817 members); ‘pathways in cancer’ (686
members); ‘MAPK signaling pathway’ (686 members); ‘focal adhe-
sion’ (620 members) and ‘regulation of actin cytoskeleton’ (564
numbers). We believe that these pathways are signiﬁcant in the
regeneration process, especially ‘pathways in cancer’, ‘MAPK signaling
pathway’ and ‘regulation of actin cytoskeleton’. ‘Pathways in cancer’ is
a large complex comprising several signaling networks, such as ‘tissue
invasion and metastasis’, ‘Wnt signaling pathway’, ‘ECM–receptor
interaction’, ‘Jak-STAT signaling pathway’, ‘cytokine–cytokine recep-
tor interaction’, ‘VEGF signaling pathway’, ‘MAPK signaling pathway’,
‘cell cycle’, ‘p53 signaling’ and so on [21–26]. Most signalingmolecules
of Wnt and MAPK pathways were detected in the transcription;
therefore, we believed that Wnt and MAPK signaling play an
important role in planarian regeneration and development. The
other signaling molecules were not detected; therefore, we hypoth-
esize that although these signaling pathways play an important role at
some point in the regeneration, the number of copies of certain
Table 2
All-in-one list of annotations.
Total unigenes 37,218 100%
Nr (E-valueb10−5) 19,431 52.21%
Swissprot 16,186 43.49%
KEGG 12,669 34.04%
COG 6,616 17.78%
GO 3,313 8.90%
367Y.-F. Qin et al. / Genomics 97 (2011) 364–371signaling molecules was too small to be detected in the transcriptome
sequencing process.
To further evaluate the completeness of our transcriptome library
and the effectiveness of our annotation process, we searched the
annotated sequences for the genes involved in COG classiﬁcations
[27]. COG is a database where orthologous gene products are
classiﬁed. Every protein in COG is assumed to be evolved from an
ancestor protein, and the entire database is built on coding proteins
with complete genome as well as system-evolution relationships of
bacteria, algae and eukaryotes. Unigenes are aligned to COG database
to predict and classify possible functions. In total, 6,616 sequences
have a COG classiﬁcation (Table 2). Among the 25 COG categories, the
cluster for ‘General function prediction only’ represents the largest
group (2018, 30.5%) followed by ‘Replication, recombination and
repair’ (1377, 20.8%) and ‘Transcription’ (1034, 15.6%). The following
categories: ‘extracellular structures’ (4, 0.06%); ‘nuclear structure’ (6,
0.09%) and ‘cell motility’ (42, 0.63%), represent the smallest groups
(Fig. 2).
Further, we obtained the Gene Ontology (GO) functional annota-
tion with nr annotation. GO is an international standardized gene
functional classiﬁcation system that offers a dynamic-updated
controlled vocabulary and a strictly deﬁned concept to comprehen-
sively describe properties of genes and their products in any organism
[28]. GO has three ontologies: molecular function, cellular component
and biological process. The basic unit of GO is GO-term. Every GO-
term belongs to a type of ontology.With nr annotation, we employ the
Blast2GO program to obtain GO annotation of unigenes. Following the
derivation of GO annotation for every unigene, we applied the WEGO
software to perform a GO functional classiﬁcation for all unigenes and
to understand the distribution of gene functions of the species from
the macro level. Based on sequence homology, 3313 sequences can be
categorized into 47 functional groups (Fig. 3).Fig. 2. Histogram presentation of clusters of orthologous groups (COG) based on clas3.3. Protein Coding Region Prediction (CDS)
To further analyze unigene function at the protein level, we
predicted the protein coding region (CDS) of all unigenes. First, we
matched unigene sequences against protein databases by using blastx
(E-valueb0.00001) in the order: Nr-SwissProt-KEGG-COG. Unigene
sequences with hits in a database will not be included in the next
round of search against another database. These Blast results were
used to information to extract CDS from Unigene sequences and
translate them into peptide sequences. In addition, blast results
information is also used to train ESTScan [29,30]. CDS of unigeneswith
no hit on blast search were predicted by ESTScan and then translated
into peptide sequences. In total, 19,494 and 9758 unigenes were
predicted by using blastx and ESTScan, respectively. The histogram as
seen in Supplemental Fig. 1 shows the length distribution of CDS
predicted from Blast and ESTScan results. In general, as the sequence
length increases, the number of CDS becomes gradually reduced. This
is consistent with unigene assembly results.
3.4. Differences between the two planarian species
To our knowledge, the genomic sequence of another type of
planarian Schmidtea mediterranea has been accomplished [31]. The
planarian Schmidtea mediterranea and Dugesia japonica belong to a
family. In the known genome organisms, Schmidtea mediterranea has
the closest relationshipwith a species,Dugesia japonica; therefore, the
S. mediterranea genome was considered the reference genome to
analyze the D. japonica transcriptome. The prediction of gene
sequences based on the S. mediterranea genome has been reported
by Eric Ross previously [31]. Unigene, EST and nucleotide sequences
(UEN) were integrated into a database. To remove redundancy,
42,448 reference genes were matched by using BLASTx against the
predicted genes of S. mediterranea using a cut-off E-value of 10−5. By
using this approach, 16,527 sequences (38.93% of all sequences)
returned to above the cut-off BLAST result. Then, we also contrasted
sequences between UEN and supercontigs of S. mediterranea (sme-
supercontigs). A total of 20,725 sequences (48.82% of all sequences)
were explored. To further compare the differences between the two
species, a greater degree of alignment was considered. We searched
similar sequences in sme-supercontigs database by using contigs of
Dugesia japonica transcriptome, and 37,897 contigs (14.73% of allsiﬁcation. These 6616 sequences have a COG classiﬁcation within 25 categories.
Fig. 3. Histogram presentation of Gene Ontology classiﬁcation. The results are summarized in three main categories: biological process, cellular component and molecular function.
The y-axis on the right indicates the number of genes in a category. The y-axis on the left indicates the percentage of a speciﬁc category of genes in that main category.
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observed that, although both species displayed a high afﬁnity,
signiﬁcant differences also existed between them.3.5. Digital gene expression (DGE) library sequencing
Solexa/Illumina DGE analysis was performed to identify the genes
involved in Dugesia japonica regeneration. By using the DGE method,
which generates absolute rather than relative gene expression
measurements and avoids several inherent limitations of microarray
analysis, we analyzed the gene expression variations during planarian
regeneration. We sequenced three planarian DGE libraries: Day 0 of
regeneration, Day 1 of regeneration, and Day 3 of regeneration,
because complete planarians develop from tiny body fragments
within a week; we considered days 1 and 3 of regeneration to be very
signiﬁcant during regeneration. Further, we generated between 3.6
and 3.8 million raw tags for each of the three samples (Table 3).Table 3
Statistics of DGE sequencing.
Summary
Raw data Total
Raw data Distinct tag
Clean tag Total number
Clean tag Distinct tag number
All tag mapping to gene Total number
All tag mapping to gene Total % of clean tag
All tag mapping to gene Distinct tag number
All tag mapping to gene Distinct tag % of clean tag
Unambiguous tag mapping to gene Total number
Unambiguous tag mapping to gene Total % of clean tag
Unambiguous tag mapping to gene Distinct tag number
Unambiguous tag mapping to gene Distinct tag % of clean tag
All tag-mapped genes Number
All tag-mapped genes % of ref genes
Unambiguous tag-mapped genes Number
Unambiguous tag-mapped genes % of ref genes
Unknown tag Total number
Unknown tag Total % of clean tag
Unknown tag Distinct tag number
Unknown tag Distinct tag % of clean tagFollowing transformation of raw sequences into clean tags, the total
number of tags per library ranged from 3.4 to 3.6 million and the
number of tag entities with unique nucleotide sequences ranged from
72,516 to 86,039 (Table 3). From Fig. 4, the distribution of total and
distinct tags over different tag-abundance categories displayed
similar patterns for all three DGE libraries. To evaluate the
reproducibility of DGE library sequencing, we performed the Pearson
correlation analysis for every two samples to indicate the reliability of
our experimental results as well as operational stability (Supplemen-
tal Fig. 2).3.6. Mapping sequences to the reference transcriptome
To reveal the molecular events behind DGE proﬁles, we mapped
tag sequences of the three DGE libraries to our reference database
generated in the aforementioned Illumina sequencing and the EST and
nucleotide sequences from the NCBI. This reference database containsTurbellarian-0d Turbellarian-1d Turbellarian-3d
3825501 3713500 3598000
226911 195802 206510
3639335 3544951 3422629
86039 72516 74268
1822384 1745194 1615840
50.07% 49.23% 47.21%
32656 29037 27156
37.95% 40.04% 36.56%
1385211 1367570 1194783
38.06% 38.58% 34.91%
30817 27341 25501
35.82% 37.70% 34.34%
16060 15011 14589
37.83% 35.36% 34.37%
14336 13300 12903
33.77% 31.33% 30.40%
1816951 1799757 1806789
49.93% 50.77% 52.79%
53383 43479 47112
62.05% 59.96% 63.44%
Fig. 4.Distribution of total anddistinct tags over different tag-abundance categories. (A)Distribution of total tags. Numberswithin squarebrackets indicate the range of copynumbers for a
speciﬁc category of tags. Numbers within parentheses represent the total tag copy number for all tags in that speciﬁc category. (B) Distribution of distinct tags. Numbers within square
brackets indicate the range of copy numbers for a speciﬁc category of tags. Numbers within parentheses represent the total types of tags in that speciﬁc category.
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removal of redundancy, we obtained 42,448 reference genes
including 26,065 genes with CATG site, and 51,240 reference tags
were generated. Between the 72,516 and 86,039 distinct tags
generated from the Illumina sequencing of the three libraries,
27,156 to 32,656 distinct tags were mapped to a gene in the reference
database (Table 3). As shown in Supplemental Fig. 3, mRNA
transcribed from major types of genes is represented in more than 2
copies. To conﬁrm whether the number of detected genes increases
proportionally to sequencing amount (total tag number), a saturation
analysis was performed. Supplemental Fig. 4 depicts a trend of
saturation where the number of detected genes almost ceased to
increase when the number of reads reaches 2 million. Next, the level
of gene expression was determined by calculating the number of
unambiguous tags for each gene and then normalizing this to the
number of transcripts per million tags.
3.7. Analysis of gene differential expression
To identify genes displaying a signiﬁcant change in expression
during different regeneration stages, the differentially expressed tags
between every two samples were identiﬁed by an algorithm
developed by Audic et al. [32]. A total of 105,231 signiﬁcantly
changed tag entities were detected between Day 0 and Day 1 of
regeneration libraries. Filtered with FDR≤0.001 and |log2Ratio|≥1,
these tags were mapped to 448 genes with 158 up-regulated and 290
down-regulated genes (Fig. 5). Between Day 0 and Day 3 in the
regeneration libraries, a total of 1878 differentially expressed genes
were detected, and these included both up-regulated (781) and
down-regulated genes (1097) (Fig. 5). In addition, we contrasted Day
1 and Day 3 of the regeneration libraries, and 1812 variant genes were
found, of which therewere 817 up-regulated and 995 down-regulated
genes (Fig. 5). These results indicate that the number of differentially
expressed genes between Day 0 and Day 3 of regeneration is largerthan that between Day 0 and Day 1 of regeneration. Then, we analyzed
the top 20 most differentially expressed genes between every two
sample DGEs (Supplemental Table 2). We observed that more than
65% of the highly express genes are orphan sequences— no homologs
were found in the NCBI database. This might be consistent with the
expectation that planarian development expresses genes with no
homologs in other species.
3.8. Functional annotation of differentially expressed genes
To understand the functions of differentially expressed genes, we
mapped all the genes to terms in KEGG database, and compared this
with the complete reference gene background to search for genes
involved in signal-transduction pathways that were signiﬁcantly
enriched. Among all the genes with KEGG pathway annotation, 215
differentially expressed genes were identiﬁed between Day 0 and Day
1, 880 differentially expressed genes between Day 0 and Day 3, and
850 differentially expressed genes between Day 1 and Day 3 of
regeneration libraries. The top 10 most abundant differentially
expressed signaling pathways from every comparison group have
been listed (Supplemental Table 3). In the planarian organism from
Day 0 to Day 3 of regeneration, the cluster for ‘Metabolic pathways’
represents the largest group; this is followed by the ‘MAPK signaling
pathway’ and ‘Pathways in cancer’. We also noted that clusters such as
‘Regulation of actin cytoskeleton’, ‘Focal adhesion’, ‘Wnt signaling
pathway’, ‘Neurotrophin signaling pathway’ are also present to a great
extent. The pathway of ‘Pathways in cancer’ contains several signaling
pathways related to development, value-added, signal transduction
[33–37]. The ‘Wnt signaling pathway’ is, at present, of widespread
interest in the planarian organism [6,7]. The ‘Regulation of actin
cytoskeleton’ and ‘Focal adhesion’ pathways are directly involved in
the structure of planarian tissue regeneration. The ‘Neurotrophin
signaling pathway’ mainly involved in planarian nerve regeneration,
especially the head nerve, because several of these genes were
Fig. 5. Changes in gene expression proﬁle among the different developmental stages.
The number of up-regulated and down-regulated genes from Day 0 following
amputation and Day 1, Day 0 and Day 3, and Day 1 and Day 3 are summarized.
370 Y.-F. Qin et al. / Genomics 97 (2011) 364–371mapped by EST sequences obtained from the head [38–40]. We
noticed that high proportions of certain disease pathways were found
in planarians, such as ‘Alzheimer's disease’, ‘Huntington's disease’,
‘Parkinson's disease’, and ‘Insulin signaling pathway’. This indicates
that planarian organisms can be model organisms in research for the
treatment of several diseases.
3.9. Planarian regeneration-related genes
Through annotation of the transcriptome and screening the
differentially expressed genes in DGE, we discovered several
planarian regeneration-related or putative genes. We noted that
regeneration appears to be a complex progress. In biology, an
organism is said to regenerate a lost or damaged part if the part
regrows such that the original function is restored. Regenerative
capacity is inversely related to complexity: in general, the more
complex an animal is, the less regeneration it is capable of. Whereas
newts, for example, can regenerate severed limbs, mammals cannot
[41–43]. Simpler animals, such as planarian organisms, have an
enhanced capacity to regenerate because the adults retain clusters of
stem cells within their bodies and these clusters migrate to the parts
of the body that need healing to divide and differentiate, and then
generate the required missing tissue.
Planarian regeneration involves many aspects, such as transfer-
ence of stem cells, apoptosis, proliferation, differentiation and de-
differentiation. Several signaling pathways, for example, Wnt, BMP,
Notch, FGF and MAPK, play an important role in the process of
regeneration. Speciﬁc molecules, such as p53, HSPs (Heat Shock
Proteins), and transcription factors are critical elements in develop-
ment; therefore, we hypothesized that they might also be key
molecules in regeneration. Through annotation of the transcriptome,
we searched for these genes mentioned earlier.
After the analysis of the differentially expressed genes in DGE, we
discovered several high-differential expression genes in planarian
regeneration that had not been annotated. We hypothesize that these
genes were regeneration-related or putative genes. However, these
genes may have been speciﬁc to planarian and few other organisms,
and, therefore, were not found in other species.
We believe that certain high-regeneration-related genes have not
been preserved in several other organisms during evolution;
therefore, only families such as those of the planarian organisms
possess high regenerative capacity. It is precisely because planarian
organism retained these speciﬁc genes that they have a strong ability
to regenerate. If the function of these genes can be deﬁned through
subsequent research, then regeneration, this complex life phenome-
non, would have a good explanation of the underlying mechanisms.We also found a signiﬁcant phenomenon from our experimental
sequencing results wherein several ion channel-related genes were
mapped in the DGE system. These results suggest an important role
for ion-channel signaling and ion-induced electrical potentials in
regeneration. These ion channels involved Na+, K+, and Ca2+
channels as well as the H+/K+-ATPase pump. Tim Hsiau reported an
important role for potassium ﬂux in the process of regeneration by
applying a pharmacological screening method [44]. Several other
published research works generate a conclusion that the ion-gradient
signal is an upstream progress in development, regeneration and
other related events [45–49]. Michael Levin et al. reported that LR
asymmetry determination is dependent on a very early differential
ion ﬂux created by H+/K+-ATPase activity based on their thorough
research in Xenopus and chick embryos [45]. Dany S. Adams et al.
demonstrated that the activity of the V-ATPase H+ pump is required
for regeneration but not wound healing or tail development during
Xenopus tail regeneration [46].
In the early stages of regeneration, inﬂammation and apoptosis
produce signaling molecules (such as Caspase 3, 7, PGE2), and they
launch the downstream process of development [47,50]. In mice,
apoptotic cells release growth signals that stimulate the proliferation
of progenitor or stem cells. In zebraﬁsh, PGE2 modiﬁed the Wnt
signaling cascade at the level of β-catenin degradation through cAMP/
PKA-mediated stabilizing phosphorylation events. The PGE2/Wnt
interaction regulated murine stem and progenitor populations, in
vitro, in hematopoietic ES cell assays and, in vivo, following
transplantation [50]. These signaling molecules are also associated
with certain ion channels in the cells.
We believed that ion channels may inﬂuence the propagation of
unknown, low molecular weight determinants and that they play an
intermediary role between electric gradient signal in cell membrane
and chemical signal in the cytoplasm. We designed a experiment to
observe planarian regeneration phenotype during propagation by
different ion species (K+, Na+, Ca2+) and at different ion
concentrations (0.1 mol/L, 0.01 mol/L, 0.001 mol/L). We observed
that each group of planarian regeneration was affected. The most
sensitive ion for planarian regeneration appears to be potassium, and
the rate of planarian regenerationwas strongly inhibited in 0.01 mol/L
of potassium; however, in 0.001 mol/L of potassium, regenerationwas
basically synchronized with the control group. In contrast, different
concentrations of sodium ion had minimal impact during the
regeneration.4. Conclusion
This study investigated the transcriptome proﬁle of regeneration-
challenged Dugesia japonica using the Solexa/Illumina RNA-seq and
DGE deep-sequencing technologies. The substantial amount of
transcripts obtained provides a strong basis for future genomic
research on planarian organisms and supports in-depth genome
annotation in Protostomia. A single run produced more than 37,218
unigene sequences with 27,290 sequences with an above cut-off
BLAST result. These ﬁndings provide a substantial contribution to
existing sequence resources for the planarian organism and will
certainly accelerate regeneration and developmental research in the
planarian. In addition, we have generated new leads for functional
studies of genes involved in planarian regeneration. Regeneration-
related genes were discussed to involve traditional signaling pathway
and electrical signal pathway. The two pathways were closely
linked by some intermediary molecules such as ion channels. Next,
further research signal coupling between traditional signals and
electrical signals will be carried out base on transcriptome and DGEs
information.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ygeno.2011.02.002.
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